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Introduction {#sec1}
============

*Plasmodium vivax* (*P. vivax*) and *Plasmodium falciparum* (*P. falciparum*) are the leading causes of malaria worldwide, putting nearly half the world\'s population at risk of infection. *P. falciparum* *causes* the majority of malaria-associated morbidities and mortalities in sub-Saharan Africa, whereas *P. vivax* is geographically most widespread ([@bib13]; [@bib37]). Its endemicity throughout tropical as well as temperate climate zones is attributed to the parasite\'s ability to form dormant liver stages, hypnozoites, which can activate weeks or months after the primary infection, leading to repeated onset of blood stage infection and recurring transmission ([@bib1]; [@bib42]; [@bib43]).

The establishment of a continuous *in vitro* culture system for the blood stages of *P. falciparum* more than 40 years ago ([@bib41]) has revolutionized insights into parasite biology and malaria pathogenesis, allowing genetic manipulation ([@bib14]) as well as extensive omics studies ([@bib10]) and evaluation of novel interventions ([@bib10]; [@bib27]). In contrast, research on *P. vivax* greatly lags behind and despite more than a century of efforts ([@bib7]; [@bib30]), a continuous *in vitro* culture system has yet to be established. Unlike *P. falciparum*, which infects red blood cells (RBCs) of all stages of maturity, *P. vivax* preferentially, if not exclusively, infects reticulocytes expressing the surface marker CD71 ([@bib16]; [@bib24]). These cells are produced in the bone marrow and released into circulation as they mature, where they constitute only 0.5% to 1.5% of all RBCs ([@bib29]). Reticulocytes can be enriched by magnetic beads or density gradient centrifugation, but robust growth of *P. vivax* parasites even in pure reticulocyte preparations cannot routinely be observed *in vitro* ([@bib8]).

The lack of an *in vitro* culture system also prevents the generation of gametocytes, limiting our current knowledge of *P. vivax* gametocytogenesis. Since the full *P. vivax* life cycle cannot be maintained in the laboratory, research relies on patient samples. This is a great obstacle for any *P. vivax* research and largely limits the progress that can be achieved in the field. Furthermore, it necessitates the use of a different field isolate for every experiment, complicating assay optimization and often leading to great inter-experimental variation due to differences between the strains. Clearly, the lack of a continuous *in vitro* culture system impedes basic research on *P. vivax* erythrocytic stages and there is an urgent need for relevant models to test disease interventions.

Recently, the use of human liver-chimeric mice has opened up new avenues for research on *P. vivax* liver stages. Fah^−/−^Rag2^−/−^IL2rg^−/−^ mice transplanted with primary human hepatocytes (FRG KO huHep) ([@bib6]) are highly susceptible to infection with *P. vivax* sporozoites and support full *P. vivax* liver stage development as well as the formation and activation of hypnozoites ([@bib25]). Backcrossing of FRG mice to the non-obese diabetic (NOD) background (FRGN KO) additionally makes these mice more suitable for repopulation with human red blood cells. This increased tolerance of human cells is due to a NOD strain-derived polymorphism in the signal-regulatory protein alpha (SIRPα), leading to improved engagement of SIRPα expressed on mouse phagocytes with its ligand CD47, ubiquitously expressed on the transferred human cells, thereby providing a more efficient "don\'t-eat-me signal" ([@bib22]; [@bib45]).

Here, we show that FRGN KO huHep mice support *P. vivax* liver stage development with formation of exo-erythrocytic merozoites that efficiently infect infused human reticulocytes, allowing reproducible transition from liver stage infection to blood stage infection. We provide evidence that this model fills the gap of an urgently needed small animal model that allows testing of *P. vivax* erythrocytic stage interventions.

Results {#sec2}
=======

Successful Transition of *P. vivax* Liver Stage Parasites to Blood Stage Parasites {#sec2.1}
----------------------------------------------------------------------------------

A pivotal transition point in the malaria life cycle occurs when parasites emerging from the liver infect the first red blood cells. We have shown previously that *P. vivax* liver stage development in FRG KO huHep mice is completed 9--10 days post sporozoite infection and culminates with the release of exo-erythrocytic merozoites from the liver into the blood stream ([@bib25]). Here, we developed this model further in order to allow exo-erythrocytic merozoite infection of reticulocytes and asexual blood stage development. We modified our protocol previously developed for *P. falciparum* ([@bib12]) using immunomodulation with Clodronate liposomes and Cyclophosphamide to deplete mouse macrophages and mouse neutrophils, respectively, which prevents clearance of infected human red blood cells. We combined this immunomodulation protocol in FRGN KO huHep mice with intravenous (i.v.) injections of enriched human reticulocyte preparations on days 9 and 10 post *P. vivax* sporozoite infection ([Figure 1](#fig1){ref-type="fig"}A). In order to also decrease the potential innate immune response in the host that is caused by liver infection ([@bib23]; [@bib26]), Clodronate Liposomes and Cyclophosphamide were injected intraperitoneally (i.p.) on days 3 and 7 post infection.Figure 1Reticulocyte Invasion by Exo-Erythrocytic Merozoites(A) FRGN KO huHep mice were infected with *P. vivax* sporozoites either by intravenous injection of salivary gland sporozoites or by mosquito bite (50 mosquitos per mouse). Three days post infection, mice received 150 μL Clodronate liposomes and 150 mg/kg Cyclophosphamide intraperitoneally. These injections were repeated on days 7 and 10 post infection. On days 9 and 10 post infection, 400 μL enriched human reticulocytes at 50% hematocrit was injected intravenously to provide a pool of target cells for parasites egressing from the liver.(B) Mice were randomized into three groups of which two groups were infected by injection of 0.9 million sporozoites (i.v.) and one group was infected by the bite of 50 mosquitos (MB). One group did not receive any immunomodulation (IM). *P. vivax* 18S RNA was measured by qRT-PCR, and parasitemia was counted on thin blood smears 5 h after the second reticulocyte injection. Parasites were detected in all groups, and the i.v. + IM protocol led to a significant increase in parasites detected. Each dot represents one mouse. Shown is mean ± SD. Statistics: Mann-Whitney test; ∗p = 0.0286.(C) IFAs were performed on thin blood smears staining for human Glycophorin A. Thousand cells were counted per slide and the percentage of human red blood cells was calculated. No significant difference between the groups was observed. Shown is mean ± SD.(D) The copy number of *P. vivax* 18S RNA measured by qRT-PCR 5 h after the second reticulocyte injection is shown for five independent experiments. The different blood sources used are marked in different colors. Parasites were detected in every mouse analyzed, independent of the blood source used. Mean is shown.UCB, umbilical cord blood; PB, peripheral blood; HCB, blood from patients with hemochromatosis.

We first assessed whether this protocol supports liver infection and transition of *P. vivax* exo-erythrocytic merozoites to blood stage infection using either i.v. injection of sporozoites or infection by mosquito bite, the latter to test whether the natural route of infection is feasible with *Anopheles dirus* (*An. dirus*) mosquitoes. In addition, we directly assessed the benefits of the immunomodulation with Clodronate liposomes and Cyclophosphamide. We infected a cohort of eleven FRGN KO huHep mice with *P. vivax* sporozoites. Eight FRGN KO huHep mice were i.v. infected with 0.9 million sporozoites isolated from *An. dirus* salivary glands. Four FRGN KO huHep mice were treated with Clodronate liposomes and Cyclophosphamide, whereas the other group of four mice remained untreated prior to reticulocyte injection. Three additional FRGN KO huHep mice were infected by the bites of 50 *P. vivax*-infected *An. dirus* mosquitoes and treated with Clodronate liposomes and Cyclophosphamide as described above.

On day 10 post infection, 4 hours after the second reticulocyte injection, asexual blood stage parasites could be detected on Giemsa-stained thin blood smears of all i.v.-infected FRGN KO huHep mice and, notably, also in the FRGN KO huHep mice infected by mosquito bite. At this time point, parasitemia as high as 2% was observed in the group infected intravenously and treated with Clodronate liposomes and Cyclophosphamide. The immunomodulatory treatment significantly increased the amount of parasite 18S RNA detected by qRT-PCR over the untreated group, supporting the benefit of this treatment ([Figure 1](#fig1){ref-type="fig"}B). Therefore, this protocol was used for all further experiments. Levels of human red blood cell (hRBC) reconstitution were comparable between the groups, reaching more than 30% blood chimerism after the second reticulocyte injection ([Figure 1](#fig1){ref-type="fig"}C). Notably, the significantly lower blood stage parasitemia observed in the group of mice not receiving any immunomodulation was not caused by increased clearance of all hRBCs, indicating a selective clearance of infected hRBCs by phagocytic cells and neutrophils.

*P. vivax* parasites preferentially, if not exclusively, infect reticulocytes and not mature RBCs. This necessitates the enrichment of large volumes of these rare cells. We therefore set out to determine the most suitable source of reticulocytes. We used three different sources of blood, namely, peripheral blood from healthy donors, umbilical cord blood as well as peripheral blood from patients with hemochromatosis. Peripheral blood from healthy donors has low reticulocyte counts (∼0.5%), whereas reticulocyte counts in umbilical cord blood can reach up to 5%. Patients with hemochromatosis, an iron-overload disease, undergo frequent phlebotomy as their standard treatment, which over time leads to increased reticulocyte counts of around 3%. Reticulocytes were enriched by density gradient centrifugation, which yielded red blood cell preparations containing 30%--60% reticulocytes, as determined by New Methylene Blue staining. In each of five independent experiments using different reticulocyte sources and following the protocol depicted in [Figure 1](#fig1){ref-type="fig"}A, *P. vivax* asexual blood stage parasites were consistently seen on thin blood smears on days 9 and 10 post sporozoite infection and high levels of *P. vivax* 18S RNA were detected by qRT-PCR independent of the reticulocyte source used ([Figure 1](#fig1){ref-type="fig"}D). Throughout these experiments, a total of 22 FRGN KO huHep mice and five different *P. vivax* field isolates were used. The protocol described here therefore allows efficient and reproducible transition of *P. vivax* field isolates from liver stage infection to blood stage infection.

*P. vivax* Asexual Blood Stages Develop Normally in FRGN KO huHep/huRetic Mice {#sec2.2}
------------------------------------------------------------------------------

Next, we wanted to assess whether the *P. vivax* exo-erythrocytic merozoites released from the liver of FRGN KO huHep mice could initiate normal intra-erythrocytic development. We performed Giemsa stains of thin blood smears at various time points after transition, and all asexual parasite forms could be detected between days 9 and 12 post infection. Typical morphological features described for *P. vivax*-infected RBCs from human infections ([@bib1]; [@bib3]; [@bib39]) were readily observed: red blood cells infected by multiple ring stage parasites; Schüffner\'s dots; an increase in size and deformation of the infected RBC, leading to the typical ameboid shape ([Figure 2](#fig2){ref-type="fig"}A). Host cells infected with parasites at different developmental stages, including early ring stages 4 h after the first reticulocyte infection and mature schizonts, were analyzed for the presence of Schüffner\'s dots. None of the early ring stage-infected reticulocytes showed the development of Schüffner\'s dots, whereas these were observed on all trophozoite and schizont-infected cells ([Figure 2](#fig2){ref-type="fig"}B). Schizonts were detected at 50 h after the first reticulocyte injection, indicating that the parasites developed within their normal 48-h life cycle. In order to investigate whether schizonts mature fully and release infectious merozoites, we performed immunofluorescence assays (IFAs) using antibodies against merozoite surface protein 1 (MSP1). This staining revealed fully segmented schizonts ([Figure 2](#fig2){ref-type="fig"}C). The number of merozoites per schizont was quantified, and on average, a schizont contained 6.5 merozoites ([Figure 2](#fig2){ref-type="fig"}D). Remarkably, free merozoites as well as invaded ring stage parasites could be detected as late as day 14 post infection (5 days post first reticulocyte injection), indicating the release of infectious erythrocytic merozoites and the subsequent invasion of new target red blood cells ([Figure 2](#fig2){ref-type="fig"}E).Figure 2Asexual Blood Stage Parasite Morphology in FRGN KO huHep Mice(A) Mice were infected with *P. vivax* sporozoites, and parasites were transitioned to blood stages following the protocol described in [Figure 1](#fig1){ref-type="fig"}A. Giemsa-stained thin blood smears were analyzed at various time points between day 9 (5 h after the first reticulocyte injection) and day 12 post infection. All asexual parasite forms were seen, and the morphology was comparable with parasites seen on blood smears from *P. vivax*-infected patients. Scale bars represent 5 μm.(B) Host cells infected with parasites at different developmental stages, including early ring stages 4 h after the first reticulocyte infection and mature schizonts, were analyzed for the presence of Schüffner\'s dots. None of the early ring stage-infected reticulocytes showed any Schüffner\'s dots, whereas these were observed on all trophozoite and schizont-infected cells.(C) IFAs were performed on thin blood smears from day 12 post infection and stained with anti-MSP1 and DAPI. Intact MSP1 staining of fully segmented schizonts could be observed. Scale bars represent 5 μm.(D) Thin blood smears from two individual experiments were stained with anti-MSP1 and DAPI. The quantity of merozoites per schizont was counted. On average, 6.5 merozoites per schizont were detected. Each dot represents one schizont. Mean ± SD is shown.(E) IFAs were performed on thin blood smears from day 14 post infection and stained with anti-MSP1 and DAPI. Free merozoites as well as invaded ring stage parasites were observed. Scale bars represent 5 μm.

In order to confirm that the merozoites exclusively infect red blood cells of human origin, we performed IFAs using antibodies to the parasite marker BiP and the human RBC marker CD235a. We examined 50 infected RBCs at different time points post transition. At any time point, parasites were exclusively found in CD235a-positive cells ([Figure 3](#fig3){ref-type="fig"}A), indicating that no successful invasion of mouse RBCs had occurred.Figure 3Parasites Exclusively Infect Human Red Blood Cells and a Subset of Parasites Express the Gametocyte Antigen Pvs16(A) To determine whether parasites can also be observed in mouse red blood cells, thin blood smears from different time points post infection were stained with anti-CD235a and anti-BiP, a parasite protein located in the endoplasmic reticulum. Nucleic acid was visualized with DAPI. Fifty infected cells were imaged, and all parasite forms were only detected in human cells. Scale bars represent 5 μm.(B) Liver sections from day 9 post sporozoite infection were stained for Pvs16, and a subset of exoerythrocytic schizonts expressing this gametocyte antigen was observed. Scale bars represent 15 μm.(C) IFAs were performed on thin blood smears from day 11 post infection; staining for Pvs16 and a subset of parasites expressing this gametocyte marker was detected. Scale bars represent 5 μm.(D) Gametocytes were detected on Giemsa-stained thin blood smears.See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

We further utilized the FRGN KO huHep/huRetic model to investigate *P. vivax* gametocytogenesis *in vivo*. IFAs on liver sections from *P. vivax* sporozoite-infected FRG KO huHep mice revealed a subset of exo-erythrocytic schizonts that stained positive for the immature gametocyte marker Pvs16, 9 days post infection ([Figure 3](#fig3){ref-type="fig"}B). In contrast, IFAs staining for the mature gametocyte marker and one of the leading candidate antigens for a transmission blocking vaccine, Pvs230, revealed no expression (data not shown). In order to confirm these findings, we performed RT-PCR using RNA isolated from *P. vivax* sporozoite-infected FRG KO huHep livers 8 days post infection. We successfully amplified Pvs16, but not Pvs230, confirming the results obtained by IFAs ([Figure S1](#mmc1){ref-type="supplementary-material"}). IFAs on blood smears obtained 11 days post sporozoite infection, approximating a time point ≤2 days post onset of blood stage infection, also revealed a subset of parasites expressing Pvs16 ([Figure 3](#fig3){ref-type="fig"}C), indicating the presence of sexual stages very early post onset of blood stage parasitemia. This presence of gametocytes was confirmed by Giemsa-stained thin blood smears ([Figure 3](#fig3){ref-type="fig"}D).

Inhibition of Reticulocyte Invasion by an Antibody Targeting the Essential *P. vivax* Duffy Binding Protein Interaction with Its Receptor {#sec2.3}
-----------------------------------------------------------------------------------------------------------------------------------------

Assays currently available to test interventions targeting *P. vivax* asexual blood stages are extremely limited ([@bib5]), and no small animal model has been developed for this purpose. In order to assess whether the FRGN KO huHep/huRetic model can fill this gap, we measured the *in vivo* invasion-inhibitory efficacy of a candidate antibody biologic targeting the essential interaction between *P. vivax* Duffy Binding Protein (PvDBP) and its receptor the Duffy Antigen Receptor for Chemokines (DARC). PvDBP is the leading blood stage vaccine candidate for this parasite species ([@bib38]). It has previously been shown that immunization with the receptor binding domain of PvDBP (PvDBPII) leads to the generation of antibodies that can inhibit the interaction between recombinant DBP and recombinant DARC ([@bib11]; [@bib15]; [@bib28]; [@bib31]; [@bib38]). Furthermore, the presence of high-level PvDBPII-specific binding inhibitory antibodies after natural infection is associated with protection against *P. vivax* infection ([@bib17]; [@bib20]). In a recent study, ten human monoclonal antibodies (mAbs) from a PvDBP-immunized volunteer were cloned and tested for their blocking activity using the DBP-DARC interaction. One mAb potently inhibited invasion *in vitro* using *P. knowlesi* parasites expressing *P. vivax* DBP ([@bib32]).

Here we tested a version of this antibody ("anti-PvDBP") for invasion-inhibitory activity against *P. vivax* merozoites *in vivo*, whereby we infected eight FRGN KO huHep mice i.v. with 0.8 million *P. vivax* sporozoites. Mice were randomized into two groups with four mice each. We followed our protocol described above and outlined in [Figure 4](#fig4){ref-type="fig"}A. On day 8 post infection and 24 h before the first reticulocyte injection, each group was passively transferred with 100 mg/kg of anti-PvDBP mAb, a control antibody or PBS. Serum antibody levels were measured immediately before the first reticulocyte injection and revealed high serum concentrations of mAb ([Figure S2](#mmc1){ref-type="supplementary-material"}). Giemsa-stained thin blood smears were generated 5 and 24 h after the second reticulocyte injection, and the number of parasites within 50 fields of view was quantified by microscopy ([Figure 4](#fig4){ref-type="fig"}B). Strikingly, PvDBP mAb showed potent inhibition of *P. vivax* RBC invasion, with no intracellular parasites observed in this group of mice, in contrast to the control group in which on average 67.5 intracellular parasites were observed. During the course of the infection, two of the four mice from this group remained blood smear negative and only a single parasite each was seen on the remaining two mice. There was no significant difference in the level of red blood cell chimerism between the groups ([Figure 4](#fig4){ref-type="fig"}C).Figure 4Inhibition of Invasion by a Monoclonal Antibody Targeting the Interaction of PvDBP with Its Receptor DARC(A) Mice were infected with 0.87 million *P. vivax* sporozoites. Immunomodulation was performed as described in [Figure 1](#fig1){ref-type="fig"}A. On day 8, mice were randomized into two groups. Four mice were intraperitoneally injected with 100 mg/kg anti-PvDBP. Four mice served as controls, of which two were injected with 100 mg/kg anti-*P. yoelii* CSP and two mice were injected with 200 μL PBS. Enriched reticulocytes were injected intravenously on days 9 and 10 post infection.(B) Thin blood smears were performed 5 h after the second reticulocyte injection (d10pi) and 24 h after the second reticulocyte injection (d11pi). Infected red blood cells were enumerated in 50 fields. The control mice showed a mean of 67.5 parasites on day 10pi, whereas no parasites were seen in the group of mice passively transferred with anti-PvDBP. On day 11pi, one parasite was seen in one of the mice treated with anti-PvDBP, whereas the other three mice of this group remained blood smear negative. Each dot represents one mouse. Mean is shown. Statistics: unpaired t test; ∗∗∗p = 0.0001; ∗∗p = 0.0037.(C) IFAs were performed on thin blood smears from day 10pi, staining for human CD235a. Thousand cells were counted per slide, and the percentage of human red blood cells was calculated. There was no significant difference between the groups. Shown is mean with SD.See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

This experiment demonstrates that the FRGN KO huHep/huRetic mouse model is suitable to test *P. vivax* intervention strategies *in vivo*, thereby complementing the currently available assays with an urgently needed small animal model. It is the only model in which interventions can be tested against the first wave of merozoites egressing from the liver, the parasite population that constitutes the essential transition from liver to blood and that a vaccine will have to target in order to prevent onset of blood stage infection, clinical disease, and onward parasite transmission.

Discussion {#sec3}
==========

Research on *P. vivax* erythrocytic stages is greatly impeded by the lack of a continuous *in vitro* culture system and robust preclinical models to assess interventions. Here, we report the development of the first small animal model for investigation of *P. vivax* blood stage interventions. Liver-chimeric FRGN KO huHep mice were infected using the natural route by mosquito bite or i.v. injection of salivary gland sporozoites. Liver stage development and exo-erythrocytic schizogony resulted in the release of exo-erythrocytic merozoites that were able to infect infused human reticulocytes. This is the only model that recapitulates the parasite\'s physiological developmental cycle, combining sporozoite infection by mosquito bite and full liver stage development with the transition of exo-erythrocytic merozoites to blood stage infection. These features cannot currently be modeled *in vitro*. The unique advantage of this model over the existing *ex vivo* invasion assay ([@bib35]) is that it provides the exclusive opportunity to test viability and infectivity of exo-erythrocytic merozoites and interventions that block the first stage of red blood cell infection by the parasite. The reproducibility of the described protocol for five different field isolates is especially remarkable and highlights the utility of this model.

To date, the only *in vivo* model system for *P. vivax* blood stages has been the non-human primate (NHP) model. *Aotus* or *Saimiri* species are susceptible to infection with NHP-adapted strains of *P. vivax* ([@bib19]). Although these models can produce informative data, there are difficulties that arise with their use. First, research using NHPs is limited owing to ethical concerns. The advancement of alternative model systems should greatly reduce the need to use NHPs for research purposes. Second, NHPs are not susceptible to infection with *P. vivax* field isolates. The parasite strains used for NHP studies had to be adapted in order to allow replication. It is unknown to what extent the biological features of these adapted strains are equivalent to *P. vivax* field isolates. For example, recent *de novo* assembly of a *P. vivax* field isolate genome identified large genomic regions including predicted protein-coding genes implicated to play a role in RBC invasion that were absent in the SalI adapted reference strain, which has been passaged extensively in NHPs ([@bib18]).

Throughout our experiments, three different sources of blood were used, namely, cord blood, peripheral blood from healthy donors, and blood from patients with hemochromatosis. Although in our experiments reticulocytes from all three sources were invaded by merozoites with comparable efficiency, there are differences that need to be considered when deciding which blood source to use. Cord blood typically has higher reticulocyte counts but is expensive, and the volumes obtained are generally low. Furthermore, earlier reports suggested that *Plasmodium* parasites do not develop normally in red blood cells containing fetal hemoglobin ([@bib44]). These data have been challenged by more recent study results that show that *P. falciparum* and *P. vivax* parasites invade cord blood-derived RBCs as well as RBCs from peripheral blood ([@bib4]; [@bib33]). Concordantly, the invasion capacity of the parasites in our model was not reduced in reticulocytes originating from cord blood. Conversely, obtaining access to large volumes of peripheral blood from healthy donors is facile, but reticulocyte counts are typically low. Therefore, we used blood from hemochromatosis patients. These patients undergo frequent phlebotomy as a treatment for iron overload disease and therefore have increased reticulocyte counts. Blood volumes of about 500 mL are drawn, making this an ideal source for large volumes of reticulocyte-rich blood.

Stage transition is a powerful feature of a model to test *P. vivax* erythrocytic vaccine candidates. In order to prevent disease and transmission, an erythrocytic stage vaccine ideally would not only prevent continuous blood stage infection but should effectively prevent the onset of asexual blood stage infection by blocking the first generation of merozoites that egress from the liver. Stage transition cannot robustly be modeled *in vitro* and is therefore a unique advantage of the described model over current *ex vivo* models. To this end, we used the FRGN KO huHep/huRetic model to test a monoclonal antibody against the interaction of the leading blood stage vaccine candidate PvDBP with its receptor DARC. We show that this antibody potently blocks the first wave of reticulocyte invasion by exo-erythrocytic merozoites, which proves the system highly suitable to test blood stage interventions. Although the *ex vivo* invasion assay described by [@bib35] provides the opportunity to test invasion inhibitory potential of antibodies, it has clearly been demonstrated that *in vitro* inhibitory activity of antibodies does not necessarily correlate with inhibitory activity seen *in vivo* ([@bib21]; [@bib36]). Therefore, the *in vivo* model described here is an important advance over the available *ex vivo* invasion assay.

Natural and experimental infections of humans have shown that *P. vivax* gametocytes are detectable as early as 3 days post onset of blood stage parasitemia. These observations have led to the hypothesis that a subset of *P. vivax* liver stage schizonts are pre-programmed to become gametocytes and therefore sexual stages already emerge with the first round of parasites egressing from the liver, allowing transmission before the onset of clinical symptoms ([@bib9]). Furthermore, gene expression data combined with mathematical modeling suggest that *P. vivax* transmission to mosquitoes is possible at the very first blood stage cycle and can therefore only be prevented if the first erythrocytic infection step is blocked ([@bib2]). Here, we provide the first direct *in vivo* evidence that a subset of exo-erythrocytic schizonts express the sexual stage marker Pvs16, but not the mature gametocyte marker Pvs230, and therefore exo-erythrocytic merozoites might be preprogrammed to become gametocytes in the first cycle of blood stage infection. This is in accordance with recent *in vitro* data in which infection of primary human hepatocytes with *P. vivax* sporozoites revealed Pvs16-expression on liver stage schizonts 8 days post infection ([@bib34]). Importantly, the onset of blood stage parasitemia in the FRGN KO huHep/huRetic model further allowed us to follow the expression of gametocyte markers in erythrocytic stages. We detected Pvs16-expression on a subset of erythrocytic stage parasites as early as ≤2 days post onset of blood stage infection, suggesting that sexual stages can emerge within the first intra-erythrocytic replication cycle. Pvs16 is expressed early in gametocytogenesis and in line with the detection of Pvs16-expressing parasites ≤2 days post onset of blood stage infection, we observed gametocytes by Giemsa stain 1 day later, starting 3 days post onset of blood stage infection. Blocking liver to blood transition of *P. vivax* as demonstrated herein might thus offer the additional benefit of preventing parasite transmission. Clearly, these findings are of epidemiological importance and provide an intriguing example of the broad applicability of the FRGN KO huHep/huRetic model to answer highly translational as well as basic biological questions.

Future studies will be aimed at utilizing the *P. vivax* humanized mouse model to test not only erythrocytic but also pre-erythrocytic stage intervention strategies. The FRGN KO huHep/huRetic model will allow assessment of passive immunization against pre-erythrocytic stages by determining parasite liver burden, but importantly, it will also allow measurement of the onset of blood stage patency and the delay or absence thereof as an additional, highly sensitive readout for the efficacy of a pre-erythrocytic intervention. It is questionable whether a single-stage subunit vaccine alone will be able to completely prevent infection, and thus, combination multi-stage vaccine approaches have to be considered ([@bib40]). Since the FRGN KO huHep/huRetic model combines the natural route of infection, liver stage development and transition to parasite blood stages, it will provide the unique opportunity to test combination pre-erythrocytic stage and blood stage vaccine approaches, for which to date there is no available assay system.

In summary, we have developed a novel humanized mouse system that will serve as a valuable preclinical model to test interventions against *P. vivax* and will contribute to the accelerated discovery and development of novel vaccine and drug candidates.

Limitations of the Study {#sec3.1}
------------------------

The liver-chimeric mouse model described here is a highly specialized mouse model that requires careful handling owing to its immunocompromised nature. The additional depletion of mouse macrophages and mouse neutrophils with Clodronate liposomes and Cyclophosphamide makes the mice increasingly susceptible to bacterial infections, if not handled with required care.

Any work utilizing *P. vivax* sporozoites is challenging owing to the requirement of patient blood to infect mosquitoes in order to obtain these stages. This requires great logistical effort by laboratories in endemic countries. This, together with the complex nature of the mouse model used, requires careful assessment of the minimal group size necessary to achieve statistical significance.

The described model is a powerful tool for the transition of *P. vivax* liver stage to blood stage infection and testing of interventions against the first generation of merozoites egressing from the liver *in vivo*. Further refinement of the model will potentially allow continuous maintenance of asexual blood stage infection as well as parasite transmission to mosquitoes.

Resource Availability {#sec3.2}
---------------------

### Lead Contact {#sec3.2.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Stefan Kappe (<stefan.kappe@seattlechildrens.org>).

### Materials Availability {#sec3.2.2}

The study did not generate new unique reagents.

### Data and Code Availability {#sec3.2.3}

Any data generated in this study is included in the published article.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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